Tree height is a key variable in forest monitoring studies and for forest management. However, tree height measurement is time consuming, and the recommended procedure is to use estimates from height-diameter models. Here, we compare height-diameter model forms and approaches for predicting tree height (h) as a function of tree diameter at breast height ( 
Introduction
Diameter at breast height (d) and total tree height (h) are key variables in forestry applications. These variables enable study of the horizontal and vertical forest structure, and they are used to estimate timber volume, site index and other important variables related to forest growth and yield, succession and carbon budget models (Peng 2001) . Although d is routinely measured in current forest inventories, h is usually measured in a subsample of trees to save time and expense. Hence, the diameter to height (h-d) relationship is widely used to overcome the lack of information about tree height. In even-aged stands, differences in the h-d relationship are mainly related to age, density and site (Curtis 1967) . In a specific stand, the h-d curve shifts upwards with increasing age until reaching a certain age, which is particular to the species and the site (e.g., Loetsch et al. 1973 , Pretzsch 2010 ). The curve is generally sigmoid in shape over the full range of diameters, and the slope depends on the site quality, with steeper slopes indicating better sites and flatter curves indicating poorer sites. Since the first freehand curves were developed in the early 1930s, many h-d models have been proposed for describing the relationship between both variables (for a review of the models, see Curtis 1967 , Tomé 1988 , Huang et al. 1992 , Huang et al. 2000 .
For height estimation using a basic model, which includes diameter at breast height as the sole independent variable [h = f(d)] , the model must be fitted to data from each plot (representing a specific stand) and for each measurement occasion independently; this is usually referred to as a locally fitted basic model or simply a local model. Another option is the use of a generalized model that uses d and stand-specific variables as regressors [h = f (d, stand variables) ], thus accounting for differences in the h-d relationship within stands and over time.
An alternative h-d modeling option is the development of a mixed-effects model (Lappi 1997 , Calama & Montero 2004 , Sharma & Parton 2007 , Trincado et al. 2007 ). Mixed-effects models allow for both mean and subject-specific responses and they have been found to be useful for repeatedly measured data (Davidian & Giltinan 1995 , Littell et al. 2006 . The mean response considers only fixed parameters, common to the population, while the subject response considers both fixed parameters and random effects, specific to each subject. In forestry, the most common experimental subject is a permanent sample plot, in which some trees are measured repeatedly over time, or a stem analysis tree (Gregoire et al. 1995) , in which the trajectories of height-age, diameter-age, and height-diameter can be reconstructed to determine how the height and diameter of trees change over time. As height and diameter data are generally obtained in plots, thus having a nested stochastic structure, there may be a lack of independence between observations, which yields biased estimates of confidence intervals for the parameter estimates (Searle et al. 1992) . The use of mixed models is thought to help solve the lack of independence between observations (Huang et al. 2009 ). The inclusion of random effects, specific to each plot-inventory combination, allows the natural variability in the h-d relationship between different locations and time to be modeled, after defining a common fixed functional structure (Lindstrom & Bates 1990) . In order to provide enhanced estimates, relative to those obtained when using a mean response in a new dataset, the random effects can be estimated when information about a sample of h-d pairs is available. This procedure is called calibration (or localization), and the resultant response is the calibrated response. Although there is no doubt about the advantages of the use of mixed models to avoid biased estimates for the covariance matrix, there is still some uncertainty about the advantage of its use for predictive purposes (De-Miguel et al. 2012) .
This paper analyzes different model forms and approaches for developing a h-d relationship for maritime pine (Pinus pinaster Ait.) in Portugal, i.e., the prevailing softwood species in this country. According to the National Forest Inventory (NFI -AFN 2010), maritime pine covers around 885 000 ha of land in Portugal (27% of the mainland forest area), with a wood volume of 85.8 × 10 6 m 3 and a total biomass of 49.7 × 10 6 Mg, which represents 24.8 × 10 6 Mg of sequestered carbon. Evaluation, comparison and selection of model forms and approaches were conducted with the purpose of identifying the optimal h-d model for incorporation in the MODISPINASTER growth and yield model (Fonseca 2004 , Fonseca et al. 2012 . Briefly, the model addresses forest growth and yield, risks (wind related) and management procedures (such as thinning and harvesting) for pure maritime pine stands. The level of detail of the output is the diameter class, with the diameter distribution recovered by the Johnson SB distribution (Parresol et al. 2010) . The model can be downloaded from the CAPSIS (Computer-Aided Projection of Strategies In Silviculture) simulation platform (http://capsis.cirad.fr/capsis/mode l). Until recently, prediction of tree height using MODISPINASTER simulations was based on the following provisional equation parameterized by Almeida (1999 -eqn. 1): where N represents the number of trees per hectare, t refers to the stand age in years, hd is the dominant height, defined as the mean height of the 100 largest-diameter trees per hectare, and dd is the dominant diameter, defined as the mean diameter of the 100 largest-diameter trees per hectare.
The overall objective of the present study was to select an h-d model form and a model-fitting approach for application to maritime pine in Portugal, to replace the model of eqn. 1 previously included in MODISPINASTER. The specific objectives of this research were as follows: (1) to compare basic, generalized and mixed-effects models; and (2) to test several alternatives for minimizing the height measurement effort in terms of accuracy and applicability.
Materials and methods

Data
This study used information from a large database on maritime pine collected in northern Portugal, mainly in the Tâmega Valley, which is the most representative continuous area in the state (latitude range: 41° 15′ -41° 52′ N, longitude range: 7°2 0′ -8° 00′ W). In the Tâmega Valley, maritime pine occurs at an altitude between 100 and 900 m a.s.l. on hilly terrain. The soils are derived from granite and schist. The mean annual temperature varies between 13.1 °C and 16 °C at lower elevations (100-400 m), in an eastern direction. Above 400 m a.s.l, the mean annual temperature falls to 9.8 °C. The mean annual precipitation ranges between 660 and 1400 mm in the lower locations, and between 1000 mm and 2900 mm in higher locations (Marques 1991) . Most forests and woodlands in the region are community areas and are managed by the Portuguese Forest Service (the National Forest Authority).
In each sampled stand, circular plots of 0.05 ha were established as permanent sample plots. The first measurements were carried out in 1997 and the most recent in 2010. A total of 387 inventories of 133 plots, with 1 to 4 measurements -depending on the year of plot installation -were available for study. The data set includes tree and stand variables. Available tree characteristics were diameter outside bark at breast height (d, cm) of all living trees taller than 1.30 m, and total height (h, m) for a subset of trees (including the proportion of the 100 largest-diameter trees per hectare). The diameters were measured with a diameter or girth tape, to the nearest 0.1 cm.
Criteria for selection of a subset of trees for height measurements varied over time. In the earlier measurements, a systematic layout was followed and heights were measured with a Blume-Leiss hypsometer to the nearest 0.5 m. Subsequently, 1-3 average trees within each diameter class of 5 cm width were selected and the heights were measured with a Vertex hypsometer to the nearest 0.1 m. For a subset of plotinventory combinations (47 %), the diameter and height of all trees were measured. The average value of h-d observations per plot equals 27. Stand age (t, years) was evaluated from the dominant trees by use of an increment core taken at 30 cm from ground level. To estimate the total age, the number of years that a seedling takes to reach this height (usually 2-5 years in the region) was added to the number of rings counted. Site index (S, m) at a reference age of 35 years was estimated using the model proposed by Marques (1991) . The diameter, height and stand variables are summarized in Tab. 1.
Basic models
The 27 models proposed by Huang et al. (2000) were evaluated in this study. The best locally fitted model for each plotinventory combination was selected on the basis of the following criteria: (i) statistical significance of the parameters; (ii) visual inspection of the residuals; and (iii) goodness-of-fit statistics, which were averaged by model. The basic model with the best average goodness-of-fit statistics was again locally fitted by using different sampling designs (those evaluated for calibration of the basic mixed model, as explained below) for comparison with the other models and approaches tested.
Generalized models
Graphical analyses were performed to establish which stand variables were most closely related to the estimated local parameters of the best basic model, and to iForest 9: 72-78 h-d models for maritime pine in Portugal identify the type of relationship (e.g., linear, allometric, exponential). In addition, several generalized models selected from the literature (Krumland & Wensel 1988 , Tomé 1988 , Almeida 1999 , López Sánchez et al. 2003 , Sharma & Zhang 2004 , Sharma & Parton 2007 , Crecente-Campo et al. 2010 ) were fitted to the dataset. These models include the most flexible equations for developing h-d relationships (i.e., the Bertalanffy-Richards, Weibull and Schnute models), which have been demonstrated as suitable for several species and types of stands. Some modifications were also tested, e.g., replacing the quadratic mean diameter and the mean height by dominant diameter and dominant height, respectively.
Mixed models
Mixed models can be applied to basic models (Trincado et al. 2007 ), thus generating a basic mixed model, and to generalized models (Calama & Montero 2004 , thus generating a generalized mixed model. The data used in this study comprised a sample of heights and diameters from different plots measured a maximum of four times. Thus, two hierarchical levels (trees in plots) and repeated measurements (several inventories of each tree) can be taken into account. Random effects for the tree measurement occasion were not included in this study, in accordance with Castedo . This is not likely to have a notable effect on fitted mixed models because the number of measurementoccasions for one tree was small in comparison with the number of trees analyzed (10580).
Determining which parameters should be considered fixed and which should be considered mixed (also including random effects) is a key question when developing mixed models. Some authors (Pinheiro & Bates 1998 , Fang & Bailey 2001 suggest that all parameters in the model should be considered mixed if convergence is possible. Therefore, all parameters were first expanded with random effects in the selected basic and generalized models.
In this study, to evaluate the calibrated response the random effects were estimated using an approximate Bayesian estimator (Vonesh & Chinchilli 1997 -eqn. 2 
where D is the estimated variance-covariance matrix for the random effects ui, R i is the estimated variance-covariance matrix for the error term, Zi is the partial derivatives matrix with respect to random effects, and êk is the error matrix estimated using only the fixed parameters. When the random effects ui are introduced linearly and when the nonlinear function is linearized by the zero expansion method, the partial derivatives of the Zi matrix are equivalent to the partial derivatives with respect to the fixed parameters.
The calibrated response was then calculated as (eqn. 3):
The calibrated response was evaluated for different height sampling designs: (i) Total height of randomly selected trees per plot-inventory. The mean and extreme values of the goodness-of-fit statistics after 100 simulations were obtained. (ii) Total height of quantile trees of the diameter distribution per plot-inventory (i.e., 1 tree = median-diameter tree; 2 trees = tercile-diameter trees; 3 trees = quartile-diameter trees; 4 trees = quintilediameter trees, etc.). (iii) Total height of the smallest diameter trees per plot-inventory (this approach was only considered for the selected generalized mixed model).
Model fitting and comparison
The basic and generalized models were fitted with the NLIN procedure, while the mixed models were fitted with the NL-MIXED procedure, both of SAS/STAT ® (SAS Institute Inc 2009). Statistical and graphical analyses were used to compare model performance. Three statistical criteria obtained from the residuals were examined: the coefficient of determination (R 2 ), which indicates the proportion of the total variance that is explained by the model, the root mean square error (RMSE), and the Schwarz's Bayesian Information Criteria (BIC -Schwarz 1978) .
Results
Basic models
Fitting statistics showed that the model evaluated by Burkhart & Strub (1974) performed best (R 2 = 0.995, RMSE = 1.027 meqn. 4):
where h represents total tree height (m), d is the diameter (cm) at breast height (1.3 m above ground level), and b0 and b1 are parameters to be estimated for each plotinventory combination.
Model from eqn. 4 was also fitted locally using the different height sampling designs mentioned in the mixed models section. The use of quantile-diameter trees yielded a lower error than the average error obtained in the fitting with randomly selected trees up to five trees. When six or more trees were selected in both alternatives, the differences were not significant.
Generalized models
A modification of the model used by Tomé (1988) , in which the age term was omitted, yielded the best fit to the dataset (R 2 = 0.933, RMSE = 1.149 m). The generalization of the best basic model (eqn. 4) yielded poorer results than the modified model of Tomé, and, although the quality of fit in the former model (eqn. 1 -Almeida 1999) was greatly improved by enlarging the dataset (with R 2 from 0.805 to 0.929 and RMSE from 1.660 to 1.186m), it was poorer than the fit provided by the selected model. Therefore, the proposed generalized equation is as follows (eqn. 5):
where b0 = -3.861, b1 = 0.2542 and b2 = 0.5326. All parameters from eqn. 5 were significant at the 5% level. The plot of residuals against predicted heights for the fitting data set did not show clear evidence of variation in residuals over the full range of predicted values (Fig. 1) . The plot of residuals against lagged residuals within each plot-inventory combination (with the data ordered by ascending diameter) did not show any correlated errors (Fig. 2) . Moreover, the predicted h-d curves (Fig. 3) showed appropriate trends and logical asymptotes.
Mixed models
The model of Burkhart & Strub (eqn. 4) was also selected to develop a basic mixed iForest 9: 72-78 74 
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model. Both parameters of the model were linearly expanded with random effects as follows (eqn. 6):
Estimates of the fixed parameters and variance components for the random effects for eqn. 6 are shown in Tab. 2. All estimates were significant at the 5% level. In the calibration process, the use of quantilediameter trees was preferable to the selection of random trees when only one tree is considered, but there were no differences in the other cases (note that the errors of randomly selected trees are average values).
The selected generalized model (eqn. 5) was also used to develop a generalized mixed model. Convergence was not achieved when all parameters were considered as mixed and therefore all possible expansions of two fixed parameters with random effects were tested. The inclusion of random effects in the fixed parameters b0 and b2 generated the best results, producing the following model (eqn. 7):
Estimates for the fixed parameters and variance components for the random effects for eqn. 7 are shown in Tab. 3. All estimates were significant at the 5% level.
Calibration of the generalized mixed model using the total height of the smallest diameter trees per plot-inventory yielded better results than calibration with other designs for the same sampling effort. For comparison of eqn. 7 with the other alternatives, five additional trees should be measured to compute dominant height in this study (the size of the plots was 500 m 2 ). The relation between RMSE and sampling effort (number of measurements of total height) for the selected model forms and 75 iForest 9: 72-78
Tab. 2 -Fixed parameter estimates, approximate significance tests and variance components for eqn. 6. Fig. 3 -Predicted height-diameter curves obtained using eqn. 5 and the 387 plot-inventory combinations from this study. Fig. 4 -Changes in RMSE with sampling effort for the different model forms and approaches tested in this study. The generalized mixed model was calibrated with data from the smallest diameter trees, and for calibration of the basic mixed model and local fit of the basic model were selected data from quantile-diameter trees. The horizontal dashed line represents the RMSE obtained in a local fit using all data and the selected basic model.
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h-d models for maritime pine in Portugal approaches is shown in Fig. 4 . In each case, the option that generated the smallest RMSE is shown (i.e., the locally fitted basic model and calibration of the basic mixed model with quantile-diameter trees, and calibration of the generalized mixed model with the smallest diameter trees). In summary, the combination of model approach and sampling design yielding the lowest RMSE in relation to sampling effort is shown in Tab. 4.
Discussion
Several model forms and approaches for developing an h-d model for P. pinaster in northern Portugal were compared. In the first step, 27 basic models (h as a function of just d) were locally fitted. Height predictions with the selected basic model (eqn. 4) yielded a RMSE value of 1.027 m, which constitutes a reference minimum error for comparison with the other model approaches analyzed.
The selected generalized model (eqn. 5) includes the variable dominant height in its formulation. The use of this covariate may be preferred as it requires less sampling effort than accurate measurement of the mean height (López Sánchez et al. 2003) . Another advantage of this model is that it predicts a height equal to hd when the independent variable is a diameter equal to dd, and it predicts a height equal to 1.3 m when diameter is equal to 0. The model also includes a measure of stand density (i.e., trees per hectare). Stand density is the most obvious factor affecting the h-d relationship in a stand (Zhang et al. 1997 , Zeide & Vanderschaaf 2002 : trees of the same height usually have smaller diameters in denser stands. Several variables have been proposed as additional predictor variables: stand age (Curtis 1967 , Soares & Tomé 2002 , López Sánchez et al. 2003 , crown competition factor (Temesgen et al. 2007) , geographical features (Hynynen et al. 2002 , Russell et al. 2010 , Schmidt et al. 2011 or wind speed (Meng et al. 2008) . Incorporation of additional predictor variables can improve the predictions, but it requires a greater sampling effort and limits the application of the model.
The reduction in RMSE with calibration was more evident when the mixed model was based on a basic model rather than on a generalized model (Fig. 4) , because most of the variability was accounted for by the stand level variables included in the generalized model. According to Trincado et al. (2007) , the use of a basic mixed model in forest inventories by selecting a sub-sample of trees for height measurement enables the maintenance of a simple model structure without inclusion of additional predictor variables. The calibration of a basic mixed model with one tree (as done by Trincado et al. 2007 ) did not yield very good results in this study, but it could be used in the absence of more observations. On the other hand, local fitting using the model proposed by Burkhart & Strub (1974) is not possible with fewer than two observations because the model has two parameters. Although calibration using the total height of the smallest diameter trees per plot-inventory is not recommended for the basic mixed model, this calibration option produced the best results in relation to sampling effort when used with the generalized mixed model. This calibration method was also selected for other fastgrowing species in the Iberian peninsula (Castedo , CrecenteCampo et al. 2010 with generalized mixed models that also included dominant height and dominant diameter as stand-predictor variables. This can be explained by the fact that these models are restricted to passing through the point hd-dd, implying that the models will behave as quite invariant in the upper part of the h-d relationship, and that small trees will provide much more information for calibration in this case (Crecente-Campo et al. 2010) .
The use of the selected generalized model (eqn. 5) generated less error (RMSE) than the other options for the same sampling effort with five trees (Fig. 4 -note that in this study five trees were selected for estimating dominant height). Moreover, this equation has the advantage that it can be used for prediction purposes with data commonly measured in current forest inventories in Portugal, and it can easily be implemented in a statistical disaggregated dynamic growth model , Castedo Dorado et al. 2007 ) based on the state-space approach (García 1994) , in which the vector of state variables includes dominant height, as in MODISPINASTER.
Numerous studies have shown that in the development of height-diameter models, the best approach depends on: (1) the data available; (2) the intended accuracy; and (3) the interest (or otherwise) in obtaining additional information. From a practical point of view (related to sampling effort, accuracy and practical applications), the use of the selected generalized model is recommended in preference to the other approaches tested. The dominant height (hd) must be known when using this model, and therefore it should be considered during the data collection process. If dominant height is not known and the total height of randomly or quantile-diameter selected trees is available, calibration of the basic mixed model rather than a local fit may be recommended (Fig. 4) , specifically for a short range (up to 7-8) of h-d observations. The inclusion of random effects accounts for the natural variability in height at the stand level or in different time series for the same stand. However, as the number of observations increases (above 8 according to the results from the real case study), a local model will provide more accurate results than a calibrated basic mixed model.
Tab. 4 -Model approach and sampling design yielding the lowest error in relation to sampling effort (number of measurements of total height). (d): diameter (cm) at breast height (1.3 m above ground level). 
